For transcription elongation, all cellular RNA polymerases form a stable elongation complex (EC) with the DNA template and the RNA transcript. Since the millennium, a wealth of structural information and complementary functional studies provided a detailed three-dimensional picture of the EC and many of its functional states. Here we summarize these studies that elucidated EC structure and maintenance, nucleotide selection and addition, translocation, elongation inhibition, pausing and proofreading, backtracking, arrest and reactivation, processivity, DNA lesion-induced stalling, lesion bypass, and transcriptional mutagenesis. In the future, additional structural and functional studies of elongation factors that control the EC and their possible allosteric modes of action should result in a more complete understanding of the dynamic molecular mechanisms underlying transcription elongation. This article is part of a Special Issue entitled: RNA polymerase II Transcript Elongation.
Introduction
Structural studies have revealed a conserved architecture, active center, and fundamental transcription mechanism for cellular RNA polymerases [1] [2] [3] [4] [5] [6] [7] [8] . Whereas bacteria and archaea contain a single multisubunit RNA polymerase (Pol), eukaryotic transcription relies on three essential RNA polymerases, Pol I, Pol II and Pol III, which synthesize mainly ribosomal, messenger, and transfer RNA, respectively. In plants, two additional RNA polymerases, Pol IV and Pol V, generate non-coding RNA transcripts and mediate gene-silencing processes [9, 10] . Although Pol IV and Pol V have not been characterized structurally, both enzymes are highly related to Pol II since they contain subunits that are identical or homologous to the Pol II subunits [11] . All cellular RNA polymerases contain a highly conserved catalytic center implemented onto a conserved double psi β-barrel in the largest subunit that is shared with RNA-dependent RNA polymerases, indicative of a common ancestor [12] [13] [14] [15] . Eukaryotic polymerases comprise a conserved ten-subunit core and up to seven additional subunits on the periphery. For transcription initiation, the eukaryotic enzymes form topologically conserved initiation complexes on promoter DNA [16] . Initiation involves promoter binding, DNA opening, and initial RNA synthesis, and is completed when the polymerase dissociates from initiation factors, escapes from the promoter, and forms a stable elongation complex (EC) [17] [18] [19] [20] [21] .
Most structural studies of RNA polymerases have been carried out with Pol II. Structural information on Pol II was first provided by electron microscopy (EM) [22] [23] [24] [25] , and later by low-resolution X-ray analysis [26] . Determination of the crystal structure of the tensubunit core of Saccharomyces cerevisiae Pol II in free form at 2.8 Å resolution [3] and in complex with a tailed DNA template and RNA at 3.3 Å resolution [27] provided detailed information on polymerase structure and its interactions with nucleic acids. Backbone models of the complete 12-subunit Pol II were subsequently obtained [28, 29] and revealed that the Rpb4/7 subcomplex protrudes from the core enzyme. A refined structure of the complete, 12-subunit Pol II was later obtained at 3.8 Å resolution by combining the core enzyme structure with a 2.3 Å structure of free Rpb4/7 [30] . The structures of core and complete Pol II provided powerful instruments for structure solution of Pol II complexes with nucleic acids and additional factors through molecular replacement [1] . Similarly, structures of bacterial RNA polymerases [7, 8] enabled modeling [31] [32] [33] and structure determination [34, 35] of the bacterial EC.
Here we summarize structural studies of complexes of cellular RNA polymerases with nucleic acids, and present our current understanding of the mechanisms of transcription elongation that resulted from these studies. We concentrate on cellular transcription, and thus structural studies of ECs of bacteriophage RNA polymerases [36] [37] [38] [39] [40] are not discussed here, although they provided many fundamental insights into the principles of transcription elongation.
Elongation complex structure and maintenance
The first structural information on a Pol II EC was provided by an EM reconstruction that revealed downstream DNA entering the active center cleft of core Pol II [41] . Subsequent X-ray crystallography of core Pol II transcribing a tailed-template DNA confirmed the location of downstream DNA in the cleft, and visualized a 9-base pair DNA-RNA hybrid duplex emanating at right angles to the incoming DNA from the active site at the floor of the cleft [27] . These observations were consistent with results for the bacterial EC obtained by atomic force microscopy [42] , and with structural models for the EC [31, 32] that were based on the first crystal structure of a bacterial RNA polymerase [8] and on crosslinking [43] [44] [45] . Crosslinking also located downstream DNA in the cleft of an archaeal RNA polymerase, albeit in an initiation complex [46] . Subsequent higher-resolution EC structures of core Pol II [47, 48] and complete Pol II [49] with synthetic nucleic acid scaffolds provided a comprehensive view of the EC, including nucleotides upstream of the hybrid and interactions of nucleic acids with polymerase domains involved in EC maintenance (Fig. 1) .
In the EC, incoming (downstream) DNA is unwound before the active center, allowing the template single strand to reach the active site, and is rewound to form the exiting (upstream) DNA duplex (Fig. 1) . Within the unwound region (the transcription bubble), the growing RNA is attached to the catalytic site with its 3′-end and forms an [8] [9] base pair hybrid duplex with the DNA template strand [19, [48] [49] [50] . The upstream DNA duplex and the non-template strand in the bubble are mobile, but were located with the use of fluorescence resonance energy transfer experiments (Fig. 1A) [51, 52] . The arrangement of nucleic acids in the Pol II EC is very similar in crystal structures of a bacterial EC that additionally revealed exiting upstream RNA in a previously proposed exit channel [34, 35] . Many mutations in the genes encoding RNAP subunits were rationalized with the EC structure [53] . The DNA-RNA hybrid duplex is the distinguishing feature of the EC, and binds within the active center cleft to adopt a conformation that is close to an A-form duplex. The hybrid-binding site cannot bind a B-form DNA-DNA duplex, but an A-form RNA-RNA duplex is accommodated [14] . This explains how cellular RNA polymerases can have some RNA templatedependent RNA synthesis activity, and indicates that all cellular RNA polymerases might have evolved from an ancient replicase that duplicated RNA genomes.
During elongation, the polymerase maintains the transcription bubble. This requires unwinding of the downstream DNA duplex, and separation of the RNA product from the DNA template at the end of the hybrid duplex. DNA unwinding is apparently achieved by positively charged residues in the polymerase switch 2 region that 'pull' the [60] ). The exiting RNA, upstream DNA duplex and the non-template strand in the bubble were modeled according to [51, 52] . The bridge helix (green), trigger loop (yellow), and metal A (pink) are highlighted. DNA template, DNA non-template, RNA, and NTP are shown in blue, cyan, red, and orange, respectively. (B) Nucleic acids and Pol II structural elements involved in transcription bubble opening and maintenance. Refer to the text for details. Functional elements are highlighted in color and labeled. (C, D) Contacts of the NTP substrate with Pol II residues, DNA template, RNA and metal A.
Metal
(D) is related to (C) by an approximate 60°clockwise rotation along the y-axis. Pol II residues are colored and labeled. Corresponding bacterial RNA polymerase residues are labeled in gray [35] . Bacterial residues that do not contact the nucleotide are indicated in brackets. Metal B was modeled in (B, C, and D) by superposition of a bacterial EC (PDB 2O5J) [35] .
DNA template strand away from the non-template strand in the incoming duplex, and maybe by negatively charged residues in the switch 1 region that repel the DNA strand [49, 54] . Additionally, fork loop 2 interferes with the course of the non-template strand, but it is not required for DNA strand separation in vitro [55] . RNA strand separation at the upstream end of the hybrid was suggested to involve three polymerase loops: the lid, rudder, and fork loop 1 [27, 48, 49] . The lid can prevent formation of extended DNA-RNA duplexes, and is important for stabilizing the open promoter complex during initiation [54, 56, 57] . The rudder interacts with DNA and prevents re-association with RNA, contributing to EC maintenance [8, 27, 48, 58] . Fork loop 1 interacts with RNA and may contribute to maintenance of hybrid length [48] , nevertheless it is not required for in vitro transcription [54] . Taken together, these polymerase elements in the cleft contribute to nucleic acid strand separation (Fig. 1B) , but competition between the non-template DNA strand and the RNA transcript for base-pairing with the DNA template strand is also important for maintaining EC structure and function.
Nucleotide selection and addition
During elongation, Pol II catalyzes the DNA-directed addition of nucleotides to the growing RNA chain. In the nucleotide addition cycle (NAC), the polymerase selects the correct NTP, adds a nucleotide to the RNA 3′-end, releases a pyrophosphate (PP i ) ion, and translocates along DNA and RNA to free the nucleotide addition site (register +1), allowing for binding of the next NTP (Fig. 2) . The NAC was elucidated with NTP-containing EC crystal structures of Pol II [47, 49, 59, 60] and of a bacterial RNA polymerase [35] .
The NTP substrate base-pairs with the DNA template base at register + 1, and binds in-between the RNA 3′-end, and the polymerase bridge helix and trigger loop, two essential elements of the polymerase active center (Fig. 1A and C) . NTP binding involves structural rearrangements of the bridge helix and the trigger loop, which are required for NTP positioning, catalysis, transcription fidelity, and translocation [35, 59, 61, 62] . Residues contacting the NTP are conserved in all cellular RNA polymerases, consistent with a universal mechanism of NTP selection and nucleotide incorporation. The NTP substrate was observed in two overlapping but slightly different positions in the active center [35, 49, 63, 64] . In addition, a non-templated NTP site was observed [47] , but its functional significance remains unclear. Further, a DNA-templated NTP site at position + 2, downstream of the active site, was proposed based on kinetic studies [65, 66] , but was detected neither biochemically nor structurally thus far.
From the above studies, the following view of the NAC has emerged, which may be extended when additional data become available. with a mobile trigger loop (Fig. 3) , adopting a catalytically inactive pre-insertion state. A cognate NTP then induces folding of the trigger loop into an α-helical hairpin, which closes the active center, and a shift of the NTP to the insertion site that results in formation of all contacts required for catalysis ( Fig. 1C and D ). This two-step mechanism of NTP selection explains selection of the correct NTP, which is important for assuring transcription fidelity. Binding of a non-complementary NTP shifts the equilibrium between the closed and open conformations of the active site towards the open conformation, making release of the incorrect NTP more likely than nucleotide incorporation, thereby impairing misincorporation [67] . A two-step mechanism of substrate selection was also described for the unrelated phage T7 RNA polymerase [38, 68] but involves two spatially separated pre-insertion and insertion sites, in contrast to cellular RNA polymerases.
For catalytic nucleotide addition, RNA polymerases use a two-metal ion mechanism [69, 70] . In the Pol II active site, one metal ion (metal A) is persistently bound, and a second metal ion (metal B) is mobile [3] . Metal A binds the RNA 3′-end, and is held by three conserved aspartate side chains (D481, D483, and D485) of the aspartate loop in the largest polymerase subunit (Fig. 1D) [3, 71] , whereas metal B binds the NTP triphosphate moiety, and is located near residues D481 and D483 of Rpb1, and the highly conserved residues E836 and D837 of Rpb2 [3, 47] . Catalysis apparently follows a nucleophilic substitution (S N 2) mechanism, with the RNA 3′-OH group acting as the nucleophile that attacks the NTP α-phosphate. After nucleotide addition, release of a pyrophosphate (PP i ) ion may cause trigger loop unfolding and opening of the active center to restart the NAC [72, 73] .
RNA polymerases discriminate NTP from dNTP by recognition of the 2′-OH group of the ribose. Bacterial RNA polymerase has a 1000-fold preference of NTP over dNTP [62, 74] , whereas yeast Pol II shows a 500-to 5000-fold selectivity of NTPs relative to dNTPs [75] . A conserved asparagine residue in the active center, Nβ′458 and Rpb1 N479 in E. coli and yeast RNA polymerases, respectively (Fig. 1D) , was proposed to play a role in NTP/dNTP discrimination by contacting the ribose 2′-OH group [27, 74, 76] . Indeed, mutation of these residues decreased NTP/ dNTP discrimination [59, 74] . Structural work on T. thermophilus RNA polymerase showed that the equivalent asparagine (Asnβ′737) forms hydrogen bonds with both the 2′-and 3′-OH groups of the ribose, and that the conserved Rβ′704 (yeast Rpb1 R446) contacts the 2′-OH group [35] . NTP contacts with the trigger loop are also involved in substrate selection. Yeast Rpb1 residue N1082 contacts the ribose 3′-OH group, and Rpb1 L1081 and the corresponding T. thermophilus Mβ′ 1238 stack onto the base moiety [59, 61, 62, 75, 77] . Recent work revealed an additional contact between the NTP ribose 2′-OH group and trigger loop residue Q1078 (Fig. 1D ) that likely contributes to NTP selection [60] .
Translocation and inhibition
After addition of a nucleotide to the growing RNA chain, the polymerase is in a pre-translocation state and the insertion site is occupied by the newly extended RNA 3′-end. To free the insertion site for binding of the next NTP, the polymerase must translocate along DNA by one register, passing on to the post-translocation state (Fig. 2) . Comparative analysis of bacterial RNA polymerase and Pol II core structures initially suggested that a conformational change of the highly conserved bridge helix (from straight to bent) underlies translocation [3, 8, 27] . The location of the bridge helix at the downstream end of the pre-translocated hybrid, and its possible partial movement toward the hybrid was suggested to accompany nucleic acid movement. A later structure of another bacterial RNA polymerase revealed that the central region of the bridge helix can be flipped out, and that this may be influenced by the adjacent trigger loop [7] . Alternative conformations of the bridge helix were observed within the same RNA polymerase, and supported the functional relevance of bridge helix movement [78, 79] .
Biochemical and mutational studies of bacterial RNA polymerase revealed the functional cooperation of the bridge helix and trigger loop, and suggested detailed models of translocation [80, 81] . The importance of the bridge helix and trigger loop in determining the polymerization rate is well documented by mutational analysis [82, 83] . Translocation apparently involves a Brownian ratchet, although this remains debated [84] . The ratchet model proposes that after nucleotide incorporation, the EC exists in an equilibrium between the preand post-translocation states, and that the binding of the next incoming NTP captures the post-translocated state.
The mechanism of translocation was elucidated with structures of Pol II bound by the mushroom toxin α-amanitin [61, 75, 87] . An initial crystallographic analysis of core Pol II in complex with α-amanitin showed that the toxin binds to the polymerase pore and funnel beneath the active center next to the bridge helix, and this suggested that the inhibitor interferes with bridge helix movement during translocation [87] . The idea of translocation inhibition by α-amanitin is supported by kinetic data [88] . However, in the Pol II-amanitin complex, α-amanitin bound only one residue in the bridge helix and this residue was not in the region of the bridge helix that changed conformation. Rerefinement of the Pol II core-α-amanitin structure [75, 87] later revealed new contacts between the inhibitor and the trigger loop, and suggested that the toxin interferes with movement of the trigger loop [59] and thus with the Brownian ratchet.
Structural studies of a Pol II EC bound to α-amanitin [61] revealed additional interactions between the inhibitor and Pol II and further elucidated the mechanism of translocation. α-Amanitin binding trapped the EC in a new conformation that was intermediary between the pre-and post-translocated structures (Fig. 3, wedged TL) . Previous EC structures all adopted the post-translocation state, except for the initial Pol II core structure with a transcribed tailed template, which adopts the pre-translocation state [27, 34, 48] . The intermediate state of the EC revealed a specific, new conformation of the bridge helix and trigger loop. The trigger loop had formed a wedge adjacent to the central portion of the bridge helix and shifting its position to occlude the site for the + 1 templating DNA base. The DNA-RNA hybrid adopted the post-translocation state, whereas the DNA template base was flipped out of the active site and resided in a pre-templating position above the bridge helix. These observations led to the proposal of a two-step mechanism for translocation [89] . In a first step, the polymerase trigger loop and bridge helix cooperate to accompany movement of the nascent hybrid base pair out of the active site, and translocation of the next template base into a pre-templating position above the bridge helix. In a second step, relaxation of the shifted bridge helix allows the DNA template base to enter the active site by a 90-degree twisting motion. Thus α-amanitin inhibits Pol II by trapping the Brownian ratchet consisting of the trigger loop and bridge helix, which impairs Pol II translocation and subsequent nucleotide incorporation.
After translocation, NTP binding and nucleotide incorporation generate a pyrophosphate ion. In statu nascendi the pyrophosphate ion is bound between the active site and the closed trigger loop. Release of the pyrophosphate ion would re-mobilize the trigger loop, which can then open and swing underneath the bridge helix, allowing for bending of the bridge helix and translocation. In this model, pyrophosphate release remobilizes the Brownian ratchet, which in turn enables translocation. However, pyrophosphate release does not drive translocation directly, as predicted by the power stroke model, an alternative model for translocation. Experimental [72, 85] and computational [73, 90] evidence generally agrees with the Brownian ratchet model. To illustrate our current understanding of the translocation mechanism, we have previously animated the nucleotide addition cycle [63, 86] and this animation is available for download at http://www.cramer.genzentrum.lmu.de/movies/. We have also included this animation in a recent movie of Pol II transcription that can be used for teaching purposes and downloaded from the publisher's website as a supplementary file [63, 86] .
Structures of bacterial RNA polymerases in complex with inhibitors have also trapped functional states of the EC. The antibiotic streptolydigin (Stl) traps bacterial RNA polymerase in an inactive pre-insertion state [35, 79, 91] . Stl prevents folding of the trigger loop and blocks full NTP delivery to the insertion site [35, 92] . The structure of bacterial RNA polymerase with the inhibitor Tagetitoxin (Tgt) indicated that Tgt stabilizes an inactive state by changing metal ion binding in the active site [91, 93] . However, a recent EC-Tgt model based on biochemical analysis and molecular dynamic simulations suggested that Tgt inhibits transcription by trapping the trigger loop in an inactive state [94] . Thus the mechanism of Tgt inhibition remains debated [95, 96] .
Structural studies of bacterial RNA polymerase in complex with an inhibitory protein, the initiation and elongation inhibitor Gre factor homologue 1 (Gfh1), revealed that Gfh1 interacts with the trigger loop and bridge helix to prevent NTP binding. The structure also revealed a new polymerase conformation, called a 'ratcheted state', in which two mobile polymerase modules, the core and shelf modules [3] , are observed in a new relative position obtained after an apparent ratcheting motion relative to each other, and the polymerase clamp has also moved relative to the shelf module [97] . The new conformation was proposed to represent a translocation intermediate, but it remains to be seen whether in the absence of Gfh1 this conformation can be adopted by the EC, or whether it is a feature of the free polymerase only. Taken together, inhibitors of bacterial and eukaryotic RNA polymerases impair transcription elongation by trapping mobile elements of the active center, including the bridge helix, trigger loop, and switch regions. Inhibitors of transcription initiation have also been investigated but are not discussed here, and include rifampicin [78, 98, 99] , sorangicin [100] , and myxopyronine [101] .
Pausing and proofreading
In the course of elongation, polymerase undergoes transient pausing. During pausing, transcription is only temporarily stalled, and the polymerase will eventually resume elongation. Pauses vary in duration and can be induced by certain DNA sequences, by DNA lesions (see below), by a mismatched nascent base pair resulting from a misincorporation event, or by hairpins that form in the nascent RNA. Pausing has been described as a two-tiered mechanism, with a first stage referred to as the elemental pause [102] . The elemental pause is an off-line state that is adopted after an initial rearrangement of the active site that interrupts elongation without a change in translocation register. Further rearrangements within the EC or interaction with regulators can then give rise to a long-lived pause or polymerase backtracking along DNA and RNA. It was suggested that the elemental pause is characterized by fraying of the 3′-terminal RNA nucleotide away from the DNA template [103] . Structural analysis showed that RNA fraying can occur, as a frayed RNA 3′-nucleotide was observed in a Pol II EC crystal with a mismatched base pair at the end of the hybrid [104, 105] . The frayed 3′-nucleotide was found in two alternative sites that overlap with the NTP-binding site, explaining how nucleotide addition is prevented in the elemental pause state. The frayed base stacks onto the 'gating tyrosine' residue Y769 of the largest Pol II subunit. Whether additional conformational changes occur in a paused EC remains to be seen.
A misincorporated nucleotide can be removed from the RNA 3′-end by RNA proofreading (Fig. 2) . As a result of structural and biochemical work from several research groups [104, [106] [107] [108] [109] [110] , a model for transcriptional proofreading has emerged (reviewed in [105] ). After nucleotide misincorporation, the mismatched 3′-nucleotide does generally not form a stable nascent base pair at register + 1 but may rather fray away from the DNA template, inducing a paused state and inhibiting RNA extension. The polymerase then backtracks by one step, moving the 3′-terminal mismatched RNA nucleotide from the fraying site to a proofreading site at register + 2 [104, 109] . Backtracking by a single step aligns the scissile phosphodiester bond with the catalytic site. The RNA 3′-end then stimulates the intrinsic endonucleolytic activity of the polymerase [110] . Cleavage of a dinucleotide containing the mismatched nucleotide frees the NTP-binding site and restores the nucleophilic RNA 3′-OH group in the active site, allowing transcription to resume. Such proofreading, together with NTP selection as described above, accounts for the fidelity of transcription (reviewed in [104, 105] ).
Backtracking, arrest, and reactivation
During elongation, RNA polymerases can encounter DNA sequences that lead to destabilization of the DNA-RNA hybrid [111, 112] , polymerase backtracking, and transcription arrest [112, 113] . During backtracking, the polymerase moves backwards along DNA and RNA, and the RNA 3′-end is disengaged from the active site and extruded through the pore beneath the active site into the polymerase funnel (Fig. 4A) . Once arrested, the polymerase requires additional factors to be reactivated before it can continue elongation (Fig. 2) . Crystallographic analysis of Pol II with DNA-RNA scaffolds allowed for the visualization of one or two backtracked RNA nucleotides in the pore [109] . Crystallographic analysis of an arrested complex formed after tailed-template transcription then enabled trapping of nine backtracked RNA nucleotides in a backtrack site, an extended and conserved binding site for single-stranded RNA in the pore and funnel (Fig. 4A and B) [107, 109] . The first backtracked RNA nucleotide +2 stacks between the +1 base and Rpb2 gating tyrosine residue Y769 [107, 109] , which may generally delimit the extent of backtracking, and explain the preference for cleaving dinucleotides from RNA. However, at arrest sites, the DNA-RNA hybrid is weak and the RNA can backtrack beyond the gating tyrosine until it binds the backtrack site in the pore. Backtracked RNA in the pore traps the trigger loop in an inactive conformation (Fig. 3) and prevents forward translocation and NTP binding [107] .
Arrested bacterial and eukaryotic RNA polymerases are reactivated by factors that stimulate transcript cleavage at the active site, the Gre factors and TFIIS, respectively [114] . Gre factors and TFIIS possess functional similarity, yet are unrelated in sequence and structure. Gre factors consist of two domains, an N-terminal antiparallel α-helical coiled-coil domain that interacts with the RNA transcript and a C-terminal globular domain that binds RNA polymerase [115] [116] [117] [118] . TFIIS consists of three domains, an N-terminal four-helix bundle domain I that is not required for cleavage-stimulatory activity, a three-helix bundle domain II, which is required for Pol II binding, and a zinc ribbon fold domain III, which is required for RNA cleavage [119] [120] [121] .
Structural studies of yeast Pol II and the Pol II EC in complex with TFIIS [49, 76, 107, 109] revealed the mechanism of TFIIS function. The first structure of a Pol II-TFIIS complex showed that TFIIS spans the polymerase surface from one of the jaws to the active site, and provided evidence that the polymerase contains a single, tunable active site that can switch between polymerization and cleavage modes [76] , consistent with earlier proposals [122] [123] [124] . A comparison with previous Pol II structures revealed major TFIIS-induced conformational changes in Pol II that realign RNA in the active center, as confirmed in a subsequent structure of a Pol II-EC-TFIIS complex [49] . EM studies of a bacterial RNA polymerase-GreB complex showed that the Gre factor also inserts into the polymerase pore (called the secondary channel in bacterial polymerase) and reaches the active site with its N-terminal domain [116] . Although there are no structural similarities between TFIIS and GreB, both factors reach the active site with a hairpin that contains conserved acidic residues that are important for RNA cleavage stimulation. Thus, a similar topological mechanism for stimulated transcript cleavage and polymerase reactivation after arrest resulted from convergent evolution of the two transcription systems (Fig. 4C and D) .
Crystal structures of Pol II in complex with TFIIS revealed details of the mechanism of TFIIS-induced polymerase reactivation [49, 107, 109] . TFIIS domain III inserts into the pore, locking the trigger loop away from backtracked RNA and releasing backtracked RNA from the backtrack site (Fig. 4A and B) . The conserved hairpin in domain III reaches the active site and complements Pol II with three charged residues, two acidic residues and one basic residue. A two-metal ion mechanism for TFIIS-dependent RNA cleavage stimulation was proposed [69, 76, 107] . In this model, metal A is persistently bound to the active site, whereas metal B is recruited and positioned by the acidic residue in the TFIIS hairpin. In contrast to its binding of the RNA 3′-hydroxyl during nucleotide addition, metal A binds the +1 RNA phosphate, to align the scissile phosphodiester bond (between nucleotides −1 and +1) during cleavage. The two acidic hairpin residues D290 and E291 may then coordinate metal B, together with the Pol II Rpb2 residue D837, and position a water molecule, which acts as the nucleophile. The TFIIS hairpin residues may be required for two catalytic proton transfers, proton subtraction from the water molecule, and proton donation to the product RNA 3′-terminus. The basic TFIIS hairpin residue R287 possibly stabilizes the negatively charged transition state. After RNA cleavage and release of the terminal RNA oligonucleotide, a new RNA 3′-end is formed at the active site (Fig. 2) and elongation resumes.
Transcription processivity
Processivity refers to the property of the polymerase to remain associated with an actively transcribed DNA template in order to successfully reach the end of the transcription unit. Processivity is achieved, to a large extent, by the high stability of the EC, which mainly results from the tight binding of the DNA-RNA hybrid [125] . RNA polymerases however use accessory factors that reduce pausing and termination, and thus increase processivity. The factor Spt5 (NusG in bacteria), was shown in the bacterial system to stimulate transcription processivity, and is the only polymerase-associated factor that is universally conserved across the three domains of life. NusG renders the polymerase processive by increasing the pause-free speed of elongation and suppressing RNA polymerase entry into long-lived pauses [126] [127] [128] [129] . Archaeal Spt5 was shown to stimulate elongation in vitro [129] , indicating that the function in processivity is conserved in higher cells, although it has not yet been demonstrated in the eukaryotic system. Bacterial NusG and archaeal Spt5 consist of an N-terminal NGN and a C-terminal KOW domain. Eukaryotic Spt5 additionally contains an N-terminal acidic region and additional KOW domains that together with a C-terminal repeat region (CTR) serve as a recruitment platform for additional factors (reviewed in [130] ). In archaea and eukarya, Spt5 associates with Spt4 through its NGN domain to form the Spt4/5 heterodimer.
Biochemical and mutational studies suggested that NusG accelerates oscillation of the ratchet formed by the bridge helix and trigger loop [80, 131] . It was also shown that the NGN domains of NusG and its paralog RfaH are sufficient for polymerase binding and reduction of transcriptional pausing [132, 133] . Mutational analysis identified a conserved hydrophobic cavity in the NGN domain that mediates binding to the conserved coiled-coil of the polymerase clamp [129] . The NusG paralog RfaH stimulates elongation and binds to the non-template DNA strand [134] , which plays a role in processivity [125] .
Structural studies extended these observations and suggested the molecular basis of Spt4/5-mediated transcription processivity. EM analysis of archaeal RNA polymerase in complex with Spt4/5 showed that Spt5 spans the polymerase cleft from the clamp on one side to the lobe and protrusion on the other side [135] . A functional interaction with the lobe was indeed demonstrated for the bacterial NusG paralog RfaH [136] . Crystallographic analysis of Spt4/5 in complex with an archaeal polymerase clamp domain revealed that the Spt5 NGN domain binds to the coiled-coil of the clamp (Fig. 5A ) through a conserved Spt5-polymerase interface, and enabled modeling of complexes of Spt4/5 counterparts with RNA polymerases from all kingdoms of life [137] . The models are consistent with biochemical data, indicating a universal binding mode to all polymerases. The modeling further showed that Spt5 may contact upstream DNA and the non-template DNA strand in the transcription bubble [135, 137] , consistent with previous biochemical studies [134, 138] . Interactions between the positively charged Spt5 surface and the negatively charged DNA non-template strand may help to prevent collapse of the transcription bubble.
These studies indicated that the NGN domain of Spt5 spans the active center cleft, locking the nucleic acids in the cleft and preventing their dissociation (Fig. 5B) . In addition, stabilizing interactions with the transcription bubble may exist, and the mechanism may also involve an allosteric component, as the clamp is connected to elements of the active center, and Spt4/5 binding could thus modulate the catalytic activity of the polymerase [130, 137] . Additionally, the Spt5/NusG KOW domains serve as a recruitment platform for additional factors that facilitate multiple processes during elongation [130] . In eukarya, the Spt5 CTR contributes to the recruitment of 3′-RNA processing factors [139] and of the Paf1 complex [140] [141] [142] , which in turn recruits factors involved in chromatin modification.
DNA lesions and RNA mutagenesis
Lesions in the DNA template strand can also impede transcription elongation. It is estimated that several thousand DNA lesions occur in a single cell per day [143] . The chemical nature of the lesion determines the fate of an elongation complex encountering the lesion. In general, bulky DNA lesions in the transcribed DNA strand (the template strand) lead to polymerase stalling and can induce transcription-coupled DNA repair (TCR) [144] [145] [146] , whereas small lesions can be bypassed by the EC. The mechanism of TCR has been elucidated in bacteria [147, 148] , but eukaryotic TCR remains poorly understood [149] . The first step in TCR is the recognition of damaged DNA by the polymerase. Structural studies of Pol II ECs containing bulky DNA lesions provided the molecular basis for the recognition of a damaged DNA template strand by Pol II [150, 151] .
Structure-function analysis of Pol II ECs containing a UV-induced cyclobutane pyrimidine dimer (CPD) lesion at various positions of the DNA template offered snapshots of CPD-induced stalling of Pol II [150] . Pol II stalls when a CPD reaches the active site, after misincorporating a nucleotide opposite the CPD 5′-thymine residue. During elongation on undamaged DNA, the template base at downstream position +2 is transferred to the insertion site at the +1 position by a 90°twisting motion. Such twisting is however not possible for an incoming CPD, since the two thymines of the lesion are covalently linked. Therefore, the front side CPD has to pass a translocation barrier to move into the active site [144] . This may be achieved by non-templated AMP incorporation while the CPD is still suspended downstream of the active site [144, 150] , according to an A-rule for non-templated nucleotide addition known for DNA polymerases [152] . The CPD then enters the active center, and the newly incorporated adenine in the RNA forms a Watson-Crick base pair with the 3′-thymine of the CPD. Then Pol II specifically misincorporates UMP opposite the 5′-thymine of the CPD [144, 153] . Structures of a Pol II EC with the CPD lesion in the active site revealed the 5′-thymine in a wobble position that leads to slow UMP misincorporation at register +1 [150] . The resulting CPD 5′-thymineuracil mismatch blocks further translocation, resulting in Pol II stalling. Artificial replacement of the misincorporated uridine by adenosine in the RNA product enables CPD bypass, indicating that distortions due to the CPD alone are not sufficient to cause stalling and that Pol II stalling requires CPD-directed misincorporation. In the stalled complex, the lesion is inaccessible, and the polymerase conformation is unchanged. This argues against an allosteric signal for recruitment of repair factors, and suggests that a lesion-containing DNA fragment is excised in the presence of Pol II. A recent study [154] however showed that a fraction of Pol II is able to bypass a bulky UV-induced CPD during transcription. Even though most of the ECs stalled after misincorporation opposite the CPD lesion, a small amount of lesion bypass can be detected. This contributes to cellular resistance to UV-induced DNA damage, and may thus be important for exposing the lesion for subsequent repair.
Similar to CPD lesions, bulky cross-links between neighboring nucleotides of the template strand, induced by the anticancer drug cisplatin, stall Pol II and induce TCR [155, 156] . In a cisplatin lesion, a platinum atom bridges between the N7 atoms of two adjacent guanines. Structure-function analysis has shown that translocation of a cisplatin lesion to register + 1/+ 2 is strongly disfavored [151] . When a cisplatin lesion reaches the + 2/+3 position, Pol II incorporates AMP at the + 1 site in a non-templated manner, as for CPD transcription. In contrast to the CPD lesion, however, a cisplatin lesion cannot overcome the translocation barrier and enter the active site, likely due to its larger size. Pol II stalling at a cisplatin lesion is not due to misincorporation as in the case of a CPD lesion, but rather because the cisplatin lesion cannot be delivered to the active site. Taken together, polymerase stalling is triggered by misincorporation at a CPD lesion, whereas at a cisplatin lesion misincorporation is a result of stalling due to a translocation barrier.
In contrast to bulky lesions, Pol II can generally bypass small lesions, in particular lesions resulting from oxidative damage such as 8-oxoguanine (8-oxoG) [157] [158] [159] . Lesion bypass can result in transcriptional mutagenesis [160] . Structure-function analysis of Pol II ECs containing 8-oxoG in the template strand reveled the mechanism of mutagenic transcription at 8-oxoG lesions [161] . Pol II can incorporate a cytosine opposite an 8-oxoG forming a Watson-Crick base pair. However, adenine can also be incorporated, which forms a Hoogsteen base pair with the 8-oxoG lesion and escapes proofreading, resulting in transcriptional mutagenesis and a mutated RNA molecule. A model was proposed in which the incoming 8-oxoG adopts a standard anti-conformation within a Watson-Crick base pair. Subsequent rotation of the 8-oxoG base by 180°into the syn-conformation may occur in the pre-templating position, when the template base is unpaired [61] , and can then lead to formation of a Hoogsteen base pair with adenine in the templating position + 1. In general, an encounter of Pol II with a lesion in the template strand can either lead to polymerase stalling and TCR, or to lesion bypass that may be accompanied by transcriptional mutagenesis. If TCR fails and Pol II remains stably stalled and inactive, its largest subunit Rpb1 can be ubiquitinated and degraded by the proteasome, leading to a loss of the EC from the transcribed gene [162] . Thus, in any case, cellular mechanisms exist that assure that gene transcription is not irreversibly blocked.
Conclusions
Here we summarize our current understanding of the molecular mechanisms underlying transcription elongation by cellular multisubunit RNA polymerases. Structure-function studies of ECs in many different states revealed a high conservation of elongation mechanisms across the three kingdoms of life. Many features of the EC were elucidated, including its structure, the nucleotide addition cycle including translocation, its inhibition, its pausing, backtracking, arrest and reactivation, its processivity, and its property to proofread the RNA after misincorporation and to recognize DNA lesions. In the future, mechanistic studies of transcription elongation should concentrate on the characterization of allosteric mechanisms and the conformational changes underlying these, and on a better understanding of how the many elongation factors control the EC. In the more distant future, structure-function studies may contribute to an investigation of context-dependent features of transcription elongation, including elongation through chromatin templates, cooperation of multiple ECs on the same template, and coordination of transcription elongation with DNA replication.
